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1. Introduction 
Cells growing in culture ordinarily require factors 
present in serum for multiplication. A number of 
peptide hormones have been identified that will 
partially replace the growth factors present in serum. 
These include insulin, fibroblast growth factor, 
epidermal growth factor (EGF), and the family of 
polypeptides known as somatomedins or insulin-like 
growth factors (IGF) (reviewed in [I]). EGF is a low 
molecular weight peptide of M, 6045 which can act 
as a mitogen for a variety of cell types including 
epidermal cells [2], fibroblasts [3-51, and glial cells 
[6]. The initial event in EGF-mediated stimulation of 
cellular DNA synthesis involves an interaction 
between EGF and its specific plasma membrane 
receptor [7,8]. Specific EGF receptors have been 
detected in a wide variety of mammalian cells, 
including normal rat kidney (NRK) cells [9]. Yet, the 
events mediated by EGF-receptor interaction which 
lead to a proliferative response have not been eluci- 
dated. 
One substance that may regulate the growth of 
certain fibroblastic cells in culture is cyclic AMP 
(reviewed in [ 10 ,l 1 I). Factors or conditions that 
cause a decrease in cyclic AMP levels (i.e., serum, 
insulin, proteases) tend to stimulate cell division 
[12-l 51. Addition of cyclic AMP analogues or other 
agents which elevate cyclic AMP levels often inhibits 
DNA synthesis and growth [ 16-181. For example, 
the stimulatory effect of EGF on DNA synthesis in 
human fibroblasts is reversed by dibutyryl cyclic 
AMP [ 191. Thus, we thought it important to deter- 
mine if EGF might alter cyclic nucleotide metabolism. 
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Here we present evidence that EGF is able to decrease 
the accumulation of cyclic AMP in response to 
prostaglandin Er (PGEr) stimulation. 
2. Materials and methods 
2.1. Materials 
EGF was purified to electrophoretic homogeneity 
from male mouse submaxillary glands by the method 
in [20]. Prostaglandin Er was a generous gift from 
Dr John Pike, Upjohn Co., Kalamazoo, MI. The cyclic 
AMP antigen was from Collaborative Research. 
2.2. Cell culture 
Fibroblastic NRK-C12-T cells were obtained from 
Dr George Todaro. Cells were grown to confluency in 
Dulbecco-Vogt modified Eagle’s medium with 10% 
calf serum (Colorado Serum Co.) in a 5% COz-humidi- 
Bed atmosphere at 37°C. Medium was changed 24 h 
before use. On the day of use cells were washed 
2 times with serum-free medium at 37°C and 3 ml 
serum-free medium were added 20-60 min prior to 
the addition of hormones. EGF was added 2-20 min 
prior to the addition of PGEr and cyclic AMP was 
extracted after a period of incubation, usually 10 min, 
as indicated. The time interval between the addition 
of EGF and the addition of PGEr, usually 2-20 min, 
did not significantly alter the EGF effect on the 
hormone-stimulated accumulation of cyclic AMP. 
PGEr was dissolved in ethanol and EGF was made up 
in growth medium containing 1 mg/ml bovine serum 
albumin. 
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2.3. Cyclic AMP analysis 
Cyclic AMP was extracted and quantitated by the 
acetylation modification of the radioimmunoassay 
[21] asin [15,22]. 
2.4. Protein determination 
Total cellular protein was determined inidentically 
treated companion cultures by the Lowry method 
[23] with bovine serum albumin as standard. 
3. Results 
3.1. Effect of EGF on PGEI-stimulated cyclic AMP 
accumulation in NRK cells 
The results presented in fig.1 show the effect of 
increasing EGF concentration on cyclic AMP levels. 
EGF decreases the accumulation of cyclic AMP- 
induced by PGEr addition to the cells. Half-maximal 
inhibition is noted with 1.5 ng/ml EGF, with maximal 
inhibition observed between 10 and 20 ng/ml EGF. 
The inhibitory effect on the PGEr-stimulated accu- 
mulation of cyclic AMP is diminished at higher con- 
centrations of EGF (50-100 ng/ml). While the inhi- 
bition of cyclic AMP accumulation mediated by EGF 
was consistently observed, the maximal extent of 
inhibition was variable from experiment to experi- 
ment (i.e., from 20-60%) for reasons which are not 
clear. When tested alone EGF occasionally causes a
slight increase in the basal concentration of cyclic 
AMP. 
The addition of 10 pg/ml PGEr to NRK cells 
causes arapid increase of cyclic AMP levels, with 
maximal accumulation ofcyclic AMP noted at 10 min 
after PGEr addition (fig.2). This is followed by a 
decline toward basal evels despite the continued 
presence of hormone. PGEr-mediated cyclic AMP 
accumulation isinhibited by the presence of 20 ng/ml 
EGF at all time points, indicating that the effect of 
EGF is a rapid event and that EGF does not appear to 
alter the time course of desensitization toward PGEr. 
Increasing PGE, concentration from l-10 I.cg/ml 
causes aprogressive increase in the cyclic AMP content 
of the cells (fig.3). However, the ability of EGF to 
decrease the PGEr-response was not altered by 
increasing the concentration of PGEr. This suggests 
that EGF is not competing with PGEr for binding to 
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Fig.1. Effect of increasing EGF concentration on basal 
(o-e) and PGE,-stimulated (o-o) cyclic AMP levels. NRK 
cellswere grown to confluency (0.55 mg protein/60 mm dish) 
in 10% serum and changed to serum-free medium 30 min 
prior to use as in section 2. The indicated concentration of 
EGF was added 10 min prior to the addition of PGE, 
(10 rg/ml) and 10 mm after PGE, additional cyclic AMP was 
extracted. EGF was present for 20 min prior to extraction of 
cyclic AMP in the basal experiment. Values represent he 
mean + SE of triplicate determinations. 
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Fig.2. Time course of PGEr-stimulated accumulation of 
cyclic AMP in the presence (o-o) or absence (o-o) of EGF. 
Cells were grown to confluency and placed in serum-free 
media as in section 2. EGF (20 ng/ml) was added to cells 
10 mm prior to the addition of PGE, (10 pg/ml). Cyclic 
AMP was extracted at the times indicated after PGE, addi- 
tion, Values represent he mean f SE of triplicate determina- 
tions. 
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Fig.3. Effect of increasing PGE t concentration intracel- 
lular cyclic AMP levels in the presence (o-o)  or absence 
(o-o)  of EGF. Cells were grown to confluency and placed 
in serum-free media as in section 2. EGF (20 ng/ml) was 
added to cells 10 min prior to the addition of the indicated 
concentration f PGE r Cyclic AMP was extracted 10 rain 
after the addition of PGE r Values represent the mean ± 
SE of triplicate determinations. 
receptor, but rather that EGF acts at a step beyond 
hormonal binding. 
3.2. Effect of time of incubation in serum-free 
medium in the presence or absence of EGF on 
the PGEI response 
The addition of serum to a number of different 
resting cell types has been shown to cause a dramatic 
fall in intracellular cyclic AMP levels [ 10,24]. Further- 
more, the addition of serum decreases the accumula- 
tion of intracellular cyclic AMP in response to hor- 
mone [24-26]. For these reasons, the present studies 
were routinely carried out in the absence of serum. 
As shown in rigA, with increasing incubation time of 
NRK-CIrT cells in the absence of serum, there is a 
progressive increase in the ability of PGE~ to stimulate 
cyclic AMP accumulation. These results also show 
that incubation of cells in serum-free medium with 
EGF for 10, 35 and 80 min prior to the addition of 
PGE1 does not appreciably alter the extent of EGF 
inhibition of the PGEt response. 
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FigA. Effect of time of incubation of cells in serum-free 
medium with (o-o) or without (o -e)  EGF on the ability of 
PGE t t6 stimulate the accumulation f cyclic AMP. Cells 
were incubated in serum-free medium with or without EGF 
(20 ng/ml) for the time indicated. PGE t (10/~g/ml) was 
added I0 min prior to termination and extraction of intra- 
cellular cyclic AMP. Values represent the mean ± SE of 
triplicate determinations. 
4. Discussion 
Here we report hat EGF exhibits a concentration- 
dependent inhibition of PGErstimulated accumula- 
tion of cyclic AMP in NRK-C12-T cells, a line in which 
cyclic AMP levels rise as growth slows [ 11 ]. Maximal 
inhibition was observed at 10-20 ng/ml EGF. It has 
been shown [22] that the somatomedin-like growth 
factor multiplication stimulatory activity (MSA) 
inhibits the PGErstimulated accumulation of cyclic 
AMP in CEF. With other cell types the addition of 
serum has been shown to decrease the accumulation 
of intracellular cyclic AMP in response to hormone 
[24-26]. 
The decreased PGEt response mediated by EGF 
could be due to inhibition of adenylate cyclase activity, 
activation of cyclic AMP phosphodiesterase ctivity, 
or possibly to increased efflux of newly synthesized 
cyclic AMP into the extracellular medium. To date 
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we have not been able to detect any effect of EGF 
on the adenylate cyclase system of isolated crude 
plasma membranes. Thus, additional studies are 
required to elucidate the mechanism of action of 
EGF alteration of hormonal responsiveness. 
The addition of EGF to crude membranes prepared 
from human epidermal carcinoma cell line A43 1 was 
reported [27] to result in a marked stimulation of the 
phosphorylation of endogenous proteins in the pres- 
ence of [y-32P]ATP. Our results indicate that the addi- 
tion of EGF decreases the PGEr-stimulated cyclic 
AMP accumulation, presumably by acting at the 
membrane l vel. It seems possible that the enhanced 
membrane phosphorylation mediated by EGF may 
regulate the hormonal responsiveness of the plasma 
membrane adenylate cyclase system. 
References 
[l] Gospodarowicz, D. and Moran, J. S. (1976) Ann. Rev. 
121 
[31 
[41 
151 
[61 
171 
[81 
Biochem. 45,531-558. 
Rheinwald, J. G. and Green H. (1975) Nature 265, 
421-424. 
Carpenter, G., Lembach, K. J., Morrison, M. M. and 
Cohen, !I. (1975) J. Biol. Chem. 250,4297-4304. 
Rose, S. P., Pruss, R. M. and Herschman, H. R. (1975) 
J. Cell. Physiol. 86,593-598. 
Lembach, K. J. (1976) Proc. Natl. Acad. Sci. USA 
73,183-187. 
Westermark, B. (1976) Biochem. Biophys. Res. 
Commun. 69,304-310. 
Hollenberg, M. D. and Cuatrecasas, P. (1975) J. Biol. 
Chem. 250,3845-3853. 
Carpenter, G. and Cohen, S. (1976) J. Cell. Biol. 71, 
159-171. 
[9] DeLarco, J. E. and Todaro, G. J. (1978) J. Cell. Physiol. 
94,335-342. 
[lo] Pastan, I., Johnson, G. S. and Anderson, W. B. (1975). 
Ann. Rev. Biochem. 44,491-522. 
[ll] Pastan, I. and Willingham, M. (1978) Nature 274, 
645-650. * 
[ 121 Otten, J., Jqhnson, G. S. and Pastan, I. (1972) J. Biol. 
Chem. 247,7082-7087. 
[ 131 Burger, M. M., Bombik, B. M., Breckenridge, B. MC. and 
Sheppard, J. R.(1972) Nature New Biol. 239,161-163. 
[14] Jimenez De Asua, L., Surian, E. S., Flawia, M. M. and 
Torres, H. T. (1973) Proc. Natl. Acad. Sci. USA 70, 
1388-1392. 
[ 15) Miller, Z., Lovelace, E., Gallo, M. and Pastan, I. (1975) 
Science 190,1213-1215. 
[ 161 Willmgham, M. C., Johnson, G. S. and Pastan, I. (1972) 
Biochem. Biophys. Res. Commun. 48,743-748. 
[ 171 Noonan, K. D. and Burger, M. M. (1973) Exp. Cell 
Res. 80,405-415. 
[ 181 Froehlick, J. E. and Rachmeler, M. (1974) J. Cell Biol. 
1191 
WI 
WI 
P21 
I231 
I241 
1251 
WI 
~271 
60,249-257. 
Hollenberg, M. D. and Cuatrecasas, P. (1973) Proc. 
Natl. Acad. Sci. USA 70,2964-2968. 
Savage, C. R., jr and Cohen, S. (1972) J. Biol. Chem. 
247,7609-7611. 
Harper, J. F. and Brooker, G. (1975) J. Cyclic Nucl. 
Res. 1,207-218. 
Anderson, W. B., Wilson, J., Rechler, M. M. and Nissley, 
S. P. (1979) Exp. Cell Res. in press. 
Lowry, 0. H., Rosebrough, N. J., Farr, A. L. and 
Randall, R. J. (1951) J. Biol. Chem. 193,265-275. 
Chlapowski, F. J., Kelley, L. A. and Butcher,.R. W. 
(1975) and Adv. Cyclic Nucl. Res. 6,245-338. 
Makman, M. H., Dvorkin, B., Keehn, E. (1974) in: 
Control of Proliferation in Animal Cells (Clarkson, B. 
and Baserga, R., eds) pp. 649-663, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY. 
Bashor, M. M. and Saier, M. H., jr (1976) Fed. Proc. 
FASEB 35,1715. 
Carpenter, G., King, L., jr and Cohen, S. (1978) Nature 
276.409-410. 
332 
